͑Received 7 April 1998; accepted for publication 21 July 1998͒ Photoluminescence ͑PL͒ line shapes in InGaN multiple quantum well structures have been studied experimentally and theoretically between 10 and 300 K. The higher temperature PL spectra can be fitted quantitatively with a thermalized carrier distribution and a broadened joint-density-of-states. The low temperature PL line shapes suggest that carriers are not thermalized, as a result of localization by band-gap fluctuations. We deduce a localization energy of ϳ7 meV as compared with an activation energy of ϳ63 meV from thermal quenching of the PL intensity. We thus conclude that this activation energy and the band-gap fluctuation most likely have different origins. © 1998 American Institute of Physics. ͓S0003-6951͑98͒03038-1͔
Semiconductor alloys such as In x Ga 1Ϫx N ͑referred to as InGaN͒ have become important in fabricating blue-green light emitting diodes ͑LEDs͒ and laser diodes ͑LDs͒. 1 Despite their commercial success, the optical emission properties are not completely understood. The nature of the electron-hole pair producing the emission in InGaN has been controversial. For example, Narukawa et al. 2 have suggested that recombination in InGaN multiple quantum well systems could occur in In-rich regions acting as quantum dots. Other authors have attributed the emission to the recombination of excitons localized either by In compositional fluctuations 3 or at the band tail states. 4 In this letter we study the PL line shapes in a InGaN sample and analyze the temperature dependence of its line shape, using a single broadening parameter. We compare our results in InGaN with a related and better understood family of ternary alloys, InGaP. The line shape similarity allows us to understand the behavior of photoexcited carriers in In-GaN.
Our InGaN multiple quantum well ͑MQW͒ samples were grown by metalorganic chemical vapor deposition ͑MOCVD͒ on c-plane sapphire and consist of the following sequence: sapphire substrate/GaN͑2.2 m͒/AlGaN͑0.1 m͒/ InGaN MQW/GaN͑0.1 m͒ cap. The InGaN MQW segment contains five periods of InGaN well and barrier with a total thickness of 0.39 m. The In concentrations in the well and the barrier are nominally 20% and 2%, respectively. All the layers are undoped. The band-gap energies in the GaN and AlGaN layers are in agreement with those reported in the literature. 5 The PL spectra of our InGaN sample, cooled with a closed-cycle refrigerator, were excited by the 325 nm output of a cw HeCd laser. Figure 1 shows the PL temperature dependence. At Tу80 K, the PL spectra show significant broadening on the high energy side. At TϽ80 K, the line shape becomes independent of T, and broader on the low energy side. The PL peak also exhibits at first a blueshift and then a redshift with increasing T. These features suggest that at TϾ80 K the carriers have attained thermal equilibrium ͑are ''thermalized''͒ while at TϽ80 K the carriers are not thermalized, presumably as a result of localization.
To understand quantitatively the temperature dependent PL line shapes, we use the following model. 6 The optical transition matrix element is assumed to be constant and independent of the emission energy E. Furthermore, the electrons and holes involved in the recombination are free to move in bands with joint-density-of-states ͑JDOSs͒ D(E) according to the Boltzmann distribution function exp(ϪE/k B T e ), where E is the carrier energy, k B is the Boltzmann constant, and T e is the carrier temperature. This model is only valid for temperatures much larger than the quasi-Fermi energy of photoexcited electrons and holes. The PL intensity I(E) is then given by
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͑2͒
To fit the experimental line shapes, we first determine whether ln͓I(E)͔ has a linear dependence on energy, on the high energy tail of the PL peak. If so, the carriers are thermalized, and a well defined temperature T e can be extracted. The carriers in our InGaN sample became thermalized for Tу80 K, with T e in good agreement with the refrigerator temperature. This also indicates that laser-induced heating is insignificant. For such thermalized PL spectra we have attempted to fit the line shape with D(E)ϰ(EϪE g ) n for E уE g and D(E)ϭ0 for EϽE g , where E g is the band-gap energy and nϭ0 ͑free carriers in two dimensions͒ or n ϭ0.5 ͑free carriers in three dimensions͒. We find that all thermalized experimental PL spectra ͑i.e., those measured with Tу80 K) can be fitted quite well for nϭ0 with a constant ⌫ϭ6.5 meV. The theoretical PL line shapes ͑broken curves͒ are compared with the experimental spectra in Fig. 1 . The choice of nϭ0 implies that the photoexcited electron and hole pair in our InGaN sample behave like uncorrelated free particles in two dimensions. For TϽ80 K, the PL line shapes can no longer be attributed to thermalized carriers. This can be explained by the localization of carriers in fluctuating potentials, which prevents the carriers from reaching thermal equilibrium with each other. Since it takes thermal energies on the order of k B •80 K ͑ϳ7 meV͒ to excite the carriers out of these traps, we estimate an upper bound of 7 meV as the magnitude of the localization potential. The good agreement between the localization potential and the broadening parameter ⌫ is expected if the fluctuation in the band gap is responsible both for broadening D(E) and localizing the carriers at low temperature. That the low-temperature PL blueshift can be explained by carrier localization is seen by comparing the PL peak energies with the band-gap energies deduced from the PL spectra fits ͑see Fig. 2͒ . We notice that E g is smaller than the PL peak energy at high T, as expected. However, at low T, E g becomes larger than the PL peak energy. This can be explained by the nonthermal equilibrium distribution of carriers in traps with energies below E g . The magnitude of the blueshift ͑ϳ7.6 meV͒ from 10 to 80 K, while not predictable by our model, is consistent with the values of ⌫ and of the localization energy. A similar explanation of the low-temperature blueshift of the emission peak in InGaN is given by Eliseev et al. 7 A similar PL temperature dependence is observed in the ternary alloys In 0.5 Ga 0.5 P, pseudomorphically grown on GaAs. This alloy is known to self-organize into Cu-Ptordered domains under appropriate growth conditions. 8 As a result of these domains, the PL line shape is inhomogeneously broadened. 9 We have studied the temperature dependence of PL line shapes in a series of partially ordered and disordered InGaP alloys 10 and found similarities to our In-GaN sample. Our InGaP results are also similar to those reported by other groups. 11 The InGaP samples' PL spectra can be fitted well by our theoretical model, except that the broadening parameters ⌫ are smaller ͑3.0 and 2.5 meV for one ordered and one disordered sample, respectively͒. The temperature ͑ϳ40 K͒ necessary to excite carriers out of the traps in these samples is also smaller ͑their localization energies are ϳ4 meV͒. In InGaP the potential fluctuations have been established to be the result of variations in both alloy concentration and ordering. However, in InGaN the nature of these fluctuations has not been definitively determined. It is presumably the result of variations in the alloy concentration only, as suggested by other groups. [2] [3] [4] Another similarity between PL in InGaN and InGaP is that both PL intensities are thermally quenched for T Ͼ50 K. The inset in Fig. 2 shows an Arrhenius plot of the integrated PL intensity in InGaN. For TϾ80 K, the thermal quenching can be fit with an activation energy E A of 63 meV. Similarly, activation energies of 44 and 31 meV, respectively, are found in our ordered and disordered InGaP samples. These values are consistent with an increase in E A from 37.5 to 50 meV reported by Lambkin et al. 12 in InGaP with increasing degrees of ordering. It has been suggested that the measured activation energy E A in InGaN samples represents the localization energies of excitons, resulting from band edge fluctuations. 13 Our analysis shows clearly that the localization energy and band-gap fluctuation in our InGaN sample is smaller than E A by almost 1 order of magnitude. Furthermore, the PL line shape indicates that carriers are free and thermalized for Tу80 K. Thus the thermal quenching activation energy must represent either a barrier to capture at nonradiative recombination centers, or the thermal activation energy of such centers. 14 In the case of InGaP samples, the increase in E A with degree of CuPt ordering suggests that E A represents the barrier between the ordered domains ͑which have a lower band gap͒ and the disordered domain walls ͑having a higher band gap͒ containing the nonradiative centers.
In conclusion, we have demonstrated quantitatively the similarity in temperature dependence of the PL emission line shape of strained InGaN and partially ordered InGaP alloys. We show that in both materials the photoexcited carriers are localized and nonthermalized at low T. Their PL intensities are thermally quenched with an activation energy roughly an order of magnitude larger than the localization potential. 
